Introduction
In recent years, our understanding of the Antarctic ice sheet history in southern Victoria Land has been significantly improved through the study of sediments recovered by drill cores offshore (Barrett et al. 2000; Hambrey and Barrett 1993; Fielding and Thomson 1999; Naish et al. 2007; Harwood et al. 2008) . In 2007, the ANtarctic geological DRILLing program (ANDRILL) recovered sediments from 1,138.54 m of drill core in the AND-2A drill hole (Southern McMurdo Sound-SMS; Florindo et al. 2008 ; Fig. 1 ), which includes an exceptionally well-recovered late Early Miocene section dated 20. 2-16.7 Ma. This paper focuses on the Early Miocene heavy mineral assemblages in the ANDRILL AND-2A drill core, which was recovered near the terminus of a present-day glacier discharging through the Transantarctic Mountains. A previous study by Hauptvogel and Passchier (2012) addressed the ice dynamics in McMurdo Sound during the Miocene Abstract The present study deals with heavy mineral analysis of late Early Miocene marine sediments recovered in the McMurdo Sound region (Ross Sea, Antarctica) during the ANDRILL-SMS Project in 2007. The main objective is to investigate how heavy mineral assemblages reflect different source rocks and hence different provenance areas. These data contribute to a better understanding of East Antarctica ice dynamics in the Ross Sea sector during the Early Miocene (17.6-20.2 Ma), a time of long-term global warming and sea level rise. The AND-2A drill core recovered several stratigraphic intervals that span from Early Miocene to Pleistocene and it collected a variety of terrigenous lithologies. The heavy mineral assemblages of the lower 650-m-thick sedimentary succession were analyzed through SEM observations and SEM-EDS microanalyses on heavy mineral grains. The heavy mineral analysis shows that the sediments are a mix of detritus dominated by McMurdo Volcanic Group sources most likely located in the present-day Mount Morning area (Proto-Mount Morning) with minor contribution from Transantarctic Mountains source rocks located west of the drill site. The heavy mineral assemblages in Interval 1 indicate that between 20.2 and 20.1 Ma, the grounding line of the ice sheet advanced to a position near the present-day 1 3
Climatic Optimum using the provenance of heavy minerals in the upper 650 m of AND-2A to track areas of maximum glacial erosion under the margin of the East Antarctic Ice Sheet. The late Early Miocene part of the AND-2A record below 650 mbsf is of interest, because it developed during the period of gradual long-term warming and rising sea level leading up to the Miocene Climatic Optimum (Kominz et al. 2008; Cramer et al. 2011; Liebrand et al. 2011) .
Because the recovered sediments consist mainly of terrestrial components made available by erosion under the margins of an ice sheet, the heavy mineral assemblages are good indicators of the position of the ice edge in the source areas of the sediments and a valuable tool for reconstructing the glacial history of the Antarctic hinterland and the dynamics of the ice masses (cf. Hauptvogel and Passchier 2012) .
The AND-2A drill core recovered a sedimentary sequence with 98 % recovery within an Early Miocene to Quaternary succession punctuated by several disconformities (Harwood et al. 2009 ). Ages are based on a combination of 40Ar-39Ar geochronology of volcanic material, diatom and foram biostratigraphy, magnetostratigraphy, and Sr-isotope chronology of shell material (Acton et al. 2008 , modified after ANDRILL SMS Science Team 2010; Di Vincenzo et al. 2010) . This core contains a range of lithologies, including terrigenous clastic diamictites, (Di Vincenzo et al. 2010) . Inset b has been redrawn and modified after Fielding et al. (2008b) conglomerate and breccias, volcanic lava breccias, diatomites, sandstones and mudrocks, pyroclastic and reworked volcanic sedimentary rocks (Fielding et al. 2008a; Fig. 2a) .
Three fundamentally different paleoclimate regimes are interpreted by Passchier et al. (2011) based on facies associations in AND-2A, and in the Early Miocene section below 650 mbsf these facies associations have the following distribution:
1. A diamictite-dominated facies association that represents glacially dominated depositional environments, including subglacial environments, with only brief intervals where ice-free coasts existed, and time periods when the ice sheet was periodically more expansive than the modern ice sheet. This facies association is present between 648-786, 905-937 and 1,040-1,138 mbsf. 2. A stratified diamictite and mudstone facies association that includes facies characteristic of open marine to iceberg-influenced depositional environments, and it is more compatible with a very dynamic ice sheet, with a grounding line south of the modern position. This facies association is present between 937-1,040 mbsf. 3. A mudstone-dominated facies association that generally lacks diamictites, and it was produced in hemipelagic depositional environment influenced by ice. This facies association occurs in the interval 786-905 mbsf.
Geological setting
The AND-2A drill site is located in the McMurdo Sound, a small marginal basin in the southwestern part of the Ross Sea (77°45.488′S; 165°16.613′E; Figs. 1, 3 ). The Ross Sea area is especially suitable for studying the Cenozoic glacial history, because large parts of both the present-day West Antarctic ice sheet and the East Antarctic ice sheet discharge into this embayment. The East Antarctic ice sheet drains directly into the Ross Sea by a number of glaciers breaching the Transantarctic Mountains and indirectly by Fig. 3 Geological sketch map of the southern Victoria Land (after Gunn and Warren 1962; Warren 1969; Talarico and Sandroni 2011) overlapped on a present-day satellite image (LIMA image provided at the http://lima.usgs.gov/ web site). The present-day glacial-flow directions of major glaciers are also shown (after Fahnestock et al. 2000) . BI Black Island, MD Mount Discovery, WI White Island. The location of ANDRILL McMurdo Sound Project (AND-2A) drill site, Cape Roberts Project 1 (CRP-1) drill site and ANDRILL McMurdo Ice Shelf Project (AND-1B) drill site is also shown in the map. In the legend are indicated in brackets the possible source rocks discussed in the text glaciers feeding the Ross Ice Shelf. Two-thirds of the present ice frontage of the Ross Ice Shelf, however, is derived from large ice streams discharging from the West Antarctic ice sheet (Hambrey and Barrett 1993) . Thus, the Ross Sea and McMurdo Sound are situated in a strategic position to document the influence of these ice masses through time. The Victoria Land Basin, located to the northwest of the AND-2A drill site (Figs. 1, 3 ) contains ca.14-km-thick sequence of Mesozoic-Cenozoic strata with dominant sediment supply being from the Transantarctic Mountains, followed volumetrically by volcanic detritus from the Erebus Volcanic Province (EVP; Kyle 1990; Kyle et al. 1992; Cooper et al. 2007; Martin et al. 2010; Nyland et al. 2013 (Figs. 1, 3 ), has provided a steady supply of volcanic detritus resulting in enhanced sedimentation rates since ~20 Ma (Fielding et al. 2008a; Di Vincenzo et al. 2010) . The Transantarctic Mountains are composed of both metamorphic and granitic detritus, sedimentary rocks of the Beacon Supergroup as well as dolerite of the Ferrar Group. The western Ross Embayment is composed of alkaline volcanic rocks of McMurdo Volcanic Group (MVG) (Fig. 3) .
The AND-2A drill site is located at the intersection between various components of the West Antarctic Rift System, including the Victoria Land Basin (VLB, a structural half-graben, approximately 350 km long), the Transantarctic Mountains (TAM, a 4-km high mountain range) and eruptive centers of the Cenozoic McMurdo Volcanic Group (Barrett 1979; Wilson 1999; Fig. 3) . Furthermore, the region is influenced by four significant elements of the Antarctic cryospheric system: the East Antarctic Ice Sheet (EAIS), Ross Ice Shelf (RIS), West Antarctic Ice Sheet (WAIS), and Ross Embayment sea-ice.
The southern McMurdo Sound is bounded to the west by a sector of the TAM, largely uplifted from ca. 55 Ma as a consequence of the evolution of the West Antarctic Rift System (Fitzgerald 1992 (Fitzgerald , 2002 . The southern and eastern shores are characterized by the presence of extensive volcanic edifices, belonging to the Cenozoic alkaline McMurdo Volcanic Group-Erebus Volcanic Province (Gunn and Warren 1962; Kyle 1990 ; Fig. 3 ).
The basement rocks of the TAM mainly consist of late Proterozoic-Cambrian amphibolite facies metamorphic rocks, which were intruded by the Cambrian-Ordovician granitoids of the Granite Harbour Intrusive Complex (Gunn and Warren 1962; Fitzgerald 2002; Goodge 2007; Sandroni and Talarico 2011) . In southern Victoria Land (Figs. 1, 3) , the basement complex is composed of metamorphic rocks of the Koettlitz Group (medium to high metamorphic grade), exposed between the Ferrar and Koettlitz glaciers, and by the Skelton Group (low-grade metasedimentary rocks), mainly limited to the area near the Skelton Glacier (Cook and Craw 2002) . The metamorphic groups are intruded by numerous plutons (Cambrian-Early Ordovician Granite Harbour Intrusive Complex; Gunn and Warren 1962) , ranging in composition from granites to gabbros. The Kukri Peneplain is the consequence of uplift and erosion of plutons, and it represents the substratum for the deposition of the sedimentary succession of the Devonian to Triassic Beacon Supergroup (McKelvey et al. 1977) . During the Jurassic, both crystalline basement and sedimentary cover were intruded by large doleritic sills and dykes of the Ferrar Supergroup, as a consequence of Gondwana break-up (Elliott 1992; Marsh 2004; Bédard et al. 2007; Zavala et al. 2011) .
The Erebus Volcanic Province of the McMurdo Volcanic Group represents the youngest rocks outcropping in this region (Kyle 1990) . The extensive alkaline volcanic activity occurred in Cenozoic time during two main phases, the first one that spans between 19 to ca. 10 Ma and the more voluminous and extensive period of volcanic activity occurred since 6 Ma. The composition of most of the deposits from the EVP belong to the strongly silica-undersaturated basanite-tephrite-phonolite alkaline association, although older deposits on Mount Morning are silica-saturated to oversaturated and belong to the alkali basalt-trachyte to rhyolite association (Martin et al. 2010 ). Mount Morning is considered the source of Early to Middle Miocene volcanic material recovered from the Cape Roberts (Barrett 2007) , AND-1B (Pompilio et al. 2007; Di Roberto et al. 2013 ) and AND-2A cores Di Vincenzo et al. 2010; Di Roberto et al. 2012; Nyland et al. 2013 ). However, indirect evidence of an older volcanic activity (Late Oligocene) has been found within sediments of the Ross Sea Victoria Land Basin recovered by the CIROS-1 and the CRP-2A drill cores (Smellie 2000; Sandroni and Talarico 2004; Zattin et al. 2012) .
Subsidence associated with rifting and volcanic loading has generated Early Cenozoic to Quaternary stratigraphic accommodation space adjacent to the rising TAM (Fielding et al. 2006) . The combination of a high sediment supply from the TAM and the accommodation space provided by rifting and subsidence of the VLB has protected the sediments from the erosive effects of glaciers that often removed other Antarctic ice-proximal records. Upper Eocene sediments are the oldest post-Paleozoic sediments recovered to date by stratigraphic drilling along the western margin of the basin as documented by the CIROS-1 drill core (e.g., Wilson et al. 1998) . These Eocene strata unconformably overlie Devonian sediments of the Taylor Group (Davey et al. 2001; Paulsen et al. 2011) .
The gravel clast components of sediments recovered in AND-2A are derived from the segment of the TAM located between outlet glaciers of the EAIS (Ferrar Glacier-Mulock Glacier regions) and from several volcanic centers of the Late Neogene Erebus Volcanic Province, which are distributed around the southern McMurdo Sound Sandroni and Talarico 2011) . The Byrd Group farther south constitutes a source of carbonate rocks (Stump et al. 2004 (Stump et al. , 2006 , and detrital carbonate is found in extremely large abundances in Pleistocene tills of the lower Byrd Glacier (Licht et al. 2005 ). Iacoviello et al. (2012) previously carried out a detailed petrographic survey on clay minerals in the AND-2A drill and found that in the lower 650 mbsf the interpretation of the clay provenance was hindered by authigenic growth of smectites. The occurrence of authigenic smectites and other minerals (calcite and framboidal pyrite) in these intervals indicated that the high smectite contents were probably caused by diagenetic processes (Iacoviello et al. 2012) . The low abundance of detrital clay minerals, which reflect the nature of the source areas, made it necessary to examine detrital minerals in the coarse fraction as well. For this reason, heavy minerals were extracted from the sand fraction of samples below 650 mbsf and assemblages were analyzed in order to better reconstruct sediment provenance.
Provenance analysis
Heavy mineral analysis is among the most common method employed to characterize the composition of coarse marine sediments and to acquire information on sediment provenance (Morton 1985; Dill 1998; Rimington et al. 2000; Wong 2002; Okay and Ergün 2005) . Previous studies of heavy minerals carried out on Antarctic marine sediments have shown how heavy mineral assemblages can be used to identify different sediment source areas and to obtain information about the ice sheet dynamics (Diekmann and Kuhn 1999; Ehrmann and Polozek 1999; Polozek 2000; Neumann 2001; Giorgetti et al. 2009; Hauptvogel and Passchier 2012) .
Heavy mineral assemblages in sediments can be related to their source rocks through both their chemical composition via SEM-EDS and optical characteristics (e.g., Ehrmann and Polozek 1999; Passchier 2001; Damiani and Giorgetti 2008; Hauptvogel and Passchier 2012) . Furthermore, changes in heavy mineral assemblages can be used to identify changes in source regions (e.g., Gwyn and Dreimanis 1979; Diekmann and Kuhn 1999; Polozek and Ehrmann 1998; Passchier 2007; Damiani and Giorgetti 2008; Giorgetti et al. 2009; Hauptvogel and Passchier 2012) .
In order to establish the main source rocks of heavy minerals found in our AND-2A samples, we have based our provenance reconstructions on sediment sources already identified by Hauptvogel and Passchier (2012) , who analyzed the upper 650 m of the same drill core. In order to reconstruct the paleo flow patterns of the ice from the heavy mineral distributions, these authors incorporated information from facies analysis (Passchier et al. 2011) . The presence of shear fabrics and diamictite-dominated facies associations in certain intervals was interpreted to reflect times when the grounding line of the Antarctic Ice Sheet was proximal to the location of the AND-2A drill core during glacial maxima (Passchier et al. 2011) . The presence of stratified diamictites and mudstone-dominated facies associations was considered to indicate the existence of open-marine conditions significantly downstream of the ice sheet grounding line during both peak glacial and interglacial conditions (Passchier et al. 2011) . They then identified six main source rocks on the basis of their heavy mineral assemblages, which we utilize here in the present study to track the relative contribution of subglacial erosion (Table 1 ; Fig. 3 ): (1) McMurdo Volcanic Group rocks, located directly to the south and east of the drill site, (2) the Ferrar Group, (3) high-grade metamorphic basement rocks, and (4) carbonates, all located in the upland regions of the Transantarctic Mountains, (5) Granite Harbour IntrusivesBeacon Supergroup, and (6) low-to medium-grade metamorphic rocks exposed along the coast of the Transantarctic Mountains.
It is further noted that the sand mineralogy of primary glacial sediment generally records the composition of rocks eroded up to only several hundreds of kilometers upstream from the glacial terminus (Gwyn and Dreimanis 1979) , due to processes of glacial comminution which tend to reduce the size of primary minerals to silt-sized grains (Dreimanis and Vagners 1972; Passchier 2007) . Only stable minerals, such as zircon, potentially survive long-term glacial transport in the sand fraction. Lastly, the assemblages are expected to record patterns of glacial erosion during glacial maxima of orbital-scale oscillations of the ice margin, because coarser sand-rich facies are sampled for heavy mineral analysis.
Materials and methods
A total of 32 heavy mineral samples were analyzed starting from 650.00 to 1,123.20 mbsf. Samples were selected in order to achieve coherent sample spacing (~15 m) along the investigated section (Fig. 2b ). Heavy mineral separation from the sand fraction was carried out in a centrifuge operated at 2,900 RPM for 10 min, using a sodium polytungstate solution with a density of 2.90 g cm −3 (Callahan 1987). After centrifugation, the bottom part of plastic funnels containing the heavy mineral fraction was frozen through immersion in liquid nitrogen (N 2 ) so that it did not mix with the light fraction when the funnel was emptied. Afterward, heavy minerals were carefully washed with deionized water and dried on filter papers. Subsequently, heavy minerals from each sample were mounted on a glass slide, carbon coated and viewed using a SEM-EDS (Philips XL30 SEM) equipped with an energy dispersive X-ray detection system (EDAX) at the University of Siena, Italy.
Following Hanan and Totten (1996) , grain mineralogies were determined through chemical analyses by EDS and mineral shape, the latter obtained by back scattered electron imaging. Through EDS chemical analysis, it was possible to distinguish between pyroxenes (Fe-Mg pyroxenes, diopsides, titanaugites), amphiboles and oxides. Understanding the chemical composition of pyroxenes and amphiboles is fundamental in order to assign them to different source rocks. All clinopyroxene analyses were plotted on a quadrilateral diagram marked with fields representing the chemical composition of pyroxenes from the Erebus Volcanic Province (after Gamble et al. 1986 , dark gray) and the Ferrar Province (after Haban and Elliot 1985, light gray) (Fig. 4) .
The abundance of each mineral was calculated as a percentage of the total grains counted (n = 200) for each sample. Errors were estimated from repeated measurements (n = 3) on three separates of the same sample and were lower than 6 %. Semi-quantitative chemical analyses for each mineral species were obtained. Discriminant function analysis (DFA) determines a linear combination of variables (in this study, heavy mineral contents). Variation of one or more of these variables allows the discrimination of predetermined groups following the facies association analysis given by Passchier et al. (2011) . The IBM ® SPSS 10.0 software package allows the linear combination of variables; these discriminant functions can be used to determine the likelihood of classification of the samples into the predefined groups. Variables that best discriminate between groups have been determined.
Results

Heavy minerals composition
The heavy mineral assemblages of sediments from AND-2A from greater than 650 mbsf are shown in Fig. 4 . They are dominated by pyroxenes (augite, titanaugite, aegirine, orthopyroxene and hedenbergite) spinels and ilmenites, whereas amphiboles, carbonates and stable minerals (such as zircon, tourmaline, garnet, rutile and epidote), which are usually common in sediments (Morton and Hallsworth 1999) , are present only in minor amounts (Table 2a , b). The chemical compositions of the main silicates are presented in Table 3 .
Six types of pyroxenes have been recognized on the basis of their chemical composition (Table 3) . Clinopyroxene-1 corresponds to low-Ca augite that falls in the chemical composition field of the Ferrar Province (Fig. 4) . Low-Ca augites (Table 3 ; Fig. 4 ) typically show rounded/ sub-rounded shapes and clearly visible cleavage planes (Fig. 5a ). Clinopyroxene-2 and titanaugite (Table 3 Gamble et al. 1986 , dark gray) and from the Ferrar Province (after Haban and Elliot 1985, light gray) . White circles titanaugite from the MGV and clinopyroxene-2, Black circles clinopyroxene-1 from the Ferrar Group; White triangles hedenbergite from the Granite Harbor Intrusive Complex, Black triangles orthopyroxene from the Ferrar Group show very similar composition except for the Ti and Al contents and fall in the McMurdo Volcanic Group field (Fig. 4) . Clinopyroxene-2 has the chemical composition of diopside. Titanaugite and clinopyroxene-2 are the most abundant phases and occur as very irregular crystals with visible hacksaw terminations (Fig. 5b, c, (Table 3 ; Fig. 4 ) typically display euhedral crystals (Fig. 5d) . Alkaline pyroxenes such as aegirine have also been recognized (Table 3) , and they generally show cleavage (Fig. 5e) . The orthopyroxene group (Table 3 ; Fig. 4 ) comprises Mg-rich pyroxene, including pigeonites. Orthopyroxenes usually show an elongated shape with visible cleavage (Fig. 5f ). Apatite grains occur with two kinds of morphologies: apatite-1 (angular apatite) shows euhedral crystal with visible crystal faces (Fig. 5g) , whereas apatite-2 (rounded apatite) shows sub-rounded-shaped crystals with fracture plates (Fig. 5h ). Spinel and ilmenite are quite common phases and occur as sub-euhedral crystals (Fig. 5i) . Garnet grains have a chemical composition varying from almandine to spessartine and grossular end members (Table 3) . They usually occur with sub-rounded shapes and smooth edges (Fig. 5j ). An aluminosilicate (Al 2 SiO 5 ) is also recognized. Three types of amphiboles are distinguished: hornblende, kaersutite and orthoamphibole gedrite (Table 3 ; Fig. 5k, l) . Carbonate grains, both calcite and dolomite, have been merged into the same group called carbonate. Figure 6 shows the down-core variation in abundances of the main heavy mineral phases in the Early Miocene section below 650 mbsf. MVG clinopyroxenes show the highest percent by volume and the largest variation in abundance of all minerals. MVG clinopyroxenes shows oscillations between 887 and 1,043 mbsf and displays the highest percentages below 1,043 mbsf. Augite and orthopyroxene occur throughout the core and are particularly abundant in the upper part of the investigated section between 650 and 770 mbsf as well as between 890 and 1,043 mbsf. The percentages of MVG clinopyroxene and Ferrar Group augite show an opposite trend, as well as MVG clinopyroxene and Ferrar Group orthopyroxenes. On the contrary, abundances of augite and orthopyroxene co-vary. Kaersutite and aenigmatite occur in very low amount, and it is not possible to recognize a down-core trend.
Heavy mineral down-core distribution
Spinel, ilmenite, apatite-1 (angular) and aegirine covary and they are particularly abundant between 770 and 890 mbsf, with higher percentage oscillation between 890 Rutile and zircon display an almost identical down-core trend: in fact, they are present in the interval 700-750 mbsf and show the same peaks of abundance in the interval 890-1,043 mbsf. Sphene and epidote co-vary between 650 and 700 mbsf; they show a high variability, however, in the interval 890-1,043 mbsf and are present again below ~1,075 mbsf.
Garnet is abundant especially in the interval between 890 and 1,043 mbsf and has a maximum at 1,027 mbsf (43 %). Garnet and MVG clinopyroxene show a weak negative correlation. Biotite and orthoamphibole show a similar down-core variation. They occur throughout the core and are particularly abundant in the interval between 890 and 1,043 mbsf. Carbonate is very abundant in the intervals between 650 and 770 mbsf and between 927 and 1,043 mbsf. It displays a negative correlation with MVG e aegirine at 820.02 mbsf; f orthopyroxene grain at 655.45 mbsf; g angular apatite (apatite-1) grain at 996.41 mbsf; h rounded apatite (apatite-2) grain at 987.13 mbsf; i spinel at 820.02 mbsf; j sub-rounded garnet grain at 907.00 mbsf; k hornblende grain at 967.03 mbsf; l kaersutite from sample 967.03 mbsf 1 3 
Heavy mineral facies distribution
The DFA shows that the individual samples can be classified into three predefined groups. The three groups have been defined based on the facies association by Passchier et al. (2011) : group 1 refers to diamictite-dominated facies association; group 2 refers to stratified diamictites and mudstone facies association; group 3 comprises sediments that refer to mudstone-dominated facies association deposited in an open-marine environment distal from the grounding line. The results of DFA are illustrated in the territorial map (Fig. 7) showing the clustering of samples in the predefined groups, and in Table 4 , which reports the coefficients for each variable in the two functions and the structure matrix.
Function 1 correctly discriminates groups 1 and 2 from group 3. The former two groups partially overlap. Aegirine, spinels, hedenbergite and ilmenite have high positive loading on function 1 (Table 4) . Hornblende, kaersutite and clinopyroxene have high negative loading on function 1 and high positive loading on function 2 (Table 4) . Function 2 discriminates groups 1 and 3 (that show value around zero) from group 2 (which shows values higher than zero). Augite, epidote, orthopyroxenes and carbonates have a negative loading on both function 1 and 2 (Table 4 ). The diamictite-dominated facies association (group 1) is characterized by a high content of TAM-derived minerals, with prevalence of augites and orthopyroxenes. The stratified diamictites and mudstone facies association (group 2) shows a mixed content of TAM-derived minerals (hornblende) as well as MVG-derived minerals (clinopyroxenes and kaersutite), garnets and orthoamphiboles. Mudstonedominated facies association (group 3), characteristic of open-marine sediments, is characterized by extremely low TAM mineral content and a relative increase in aegirine, spinel and ilmenite among the MVG phases.
Discussion
Heavy mineral sources
McMurdo Volcanic Group (MVG)
Basic volcanic rocks of the McMurdo Volcanic Group are the source of titanaugite and clinopyroxene-2 (high-Ca augite). The titanaugite compositions clearly fall within the field of MVG clinopyroxene (Fig. 4) . This type of Group 1 represents diamictites dominated facies association; group 2 refers to stratified diamictites and mudstone facies association; group 3 represents mudstone facies association clinopyroxene represents the most abundant phenocrysts in the McMurdo Volcanic Group lavas (Gamble et al. 1986; George 1989; Kyle 1990 ). Its euhedral shape in the AND-2A sediments indicates that it has not experienced the effects of prolonged transport. Trachytes, basalts and trachyandesites of MVG are the most likely source for kaersutite (Kyle 1990; LeMasurier and Thomson 1990) . Moreover, kaersutite is a typical mineral in lava deposits on Minna Bluff (Dunbar et al. 2008; Panter et al. 2011) . MVG volcanic rocks are also the source of angular apatite grains. Martin (2009), and Martin et al. (2010) have shown that Mount Morning eruptive center is a potential source of aenigmatite and aegirine.
Ferrar Group
Jurassic basalt and dolerite of the Ferrar Group in the TAM are the most likely source for augites (low-Ca augite) as well as for Mg-rich clinopyroxenes and orthopyroxenes (Haban and Elliot 1985; Armienti et al. 1998 ). The chemical compositions of augites plot in the field of the Ferrar Supergroup clinopyroxenes (Fig. 4; Table 3 ). The augites with a strong cleavage and sub-rounded shape (Fig. 5a ) have been named "Ferrar type" in many studies (e.g., Cape Roberts Science Team 1998), and they probably originated from Ferrar Dolerites. Tholeiitic igneous rocks from the Ferrar Group are the most likely source for enstatites (Armienti et al. 1998; Marsh 2004; Bédard et al. 2007; Zavala et al. 2011 ).
High-grade metamorphic rocks
The H-grade metamorphic rocks of the Koettlitz Group located to the north of the Koettlitz Glacier (Fig. 3) could have provided the H-grade metamorphic minerals. Under SEM, it is impossible to discriminate between sillimanite, kyanite and andalusite; hence, we decided to assign them to the same group called Al-silicates. Hauptvogel and Passchier (2012) reported that kyanite, not being a common constituent in these rocks, probably requires a contribution of rocks from the Nimrod Group farther south. In addition, Passchier (2001) has found large grains of sillimanite occur in tills sourced from the meta-quartzite of the Nimrod Group. Hence, the Al-silicates are not diagnostic for a specific source area.
Carbonates
Anthill Limestone (Gunn and Warren 1962; Skinner 1982) , also named Marble Unit by Cook and Craw (2002) , which crops out along the margin of the Skelton Glacier (Hauptvogel and Passchier 2012; Fig. 3 ), is the most likely source for calcite and dolomite. The Byrd Group (Fig. 3) , which crops out farther south, is characterized by the initial deposition of a thick sequence of nearly pure carbonate sediments followed by a thick sequence of clastic sediments (Stump et al. 2004 (Stump et al. , 2006 . Moreover, Pleistocene tills of lower Byrd Glacier contain detrital carbonate in extremely large abundances (Licht et al. 2005) . In addition, Passchier (2001) has found limestone-bearing tills in the Queen Maud range in the central Transantarctic Mountains. These tills were probably sourced from the Shackleton Limestone (Goodge et al. 2004) . Between the Ferrar and Koettlitz Glaciers, marbles from the Ross Supergroup are also present (Warren 1969; Lopatin 1972) .
Granite Harbour Intrusive (GHI)-Beacon Supergroup
Sedimentary rocks of the Beacon Supergroup are the most likely source of the stable minerals (apatite-2, tourmaline, rutile, zircon, sphene and epidote). They usually occur as sub-rounded to rounded grains indicating a possible recycling and transport from rocks of the Beacon Supergroup, which contain both zircon and apatite (Laird and Bradshaw1982; La Prade 1982; Giorgetti et al. 2009 ). Plutonic rocks and pegmatites of the GHI Complex contain sphene as an accessory constituent (Ghent and Henderson 1968; Smillie 1992 ). Passchier (2007) suggests the GHI and the Beacon Supergroup as the main sources for detrital apatite. Lower Paleozoic dykes and batholiths of the GHI contain tourmaline in higher abundances (Stump 1995) . Hedenbergites have been found in tonalites from the GHI (Sandroni and Talarico 2004) .
Low-to medium-grade metamorphic rocks (L-M grade metamorphic rocks)
The Transantarctic Mountains, and in particular, the amphibolites of the Koettlitz Group are the most likely source for Mg-hornblendes: these amphiboles are characteristic minerals of many metamorphic and intermediate magmatic rocks (Polozek 2000) . We have also to take into account that hornblendes were described in the granitoids (GHI Complex) of Taylor Valley (Ghent and Henderson 1968; Smillie 1992) .
Amphibolites and paragneisses exposed between the Koettlitz and Ferrar Glaciers are the most probable sources for garnets ( Fig. 3; Lopatin 1972 ) and occur in significant abundances in the Late Miocene and Pliocene tills of the Ferrar, Taylor and Wright Valleys (Ehrmann and Polozek 1999; Passchier 2001) . Some grains have a sub-rounded to rounded shape. Because garnets are resistant to physical weathering during transport, they also could be recycled from sandy sedimentary rocks, such as those of the Beacon Supergroup, where they occur as accessory minerals (Laird and Bradshaw 1982; La Prade 1982) . Metasediments and marbles of the Koettlitz Group host pyrope-almandine and grossular garnets. Orthoamphibole gedrite is found in the Cocks unit of the Skelton Group and is associated with garnet and biotite (Cook and Craw 2002) . The Skelton Group, exposed along the Skelton Glacier, is considered the source of low-grade metasedimentary clasts (Gunn and Warren 1962; Cook and Craw 2002) . In the portions intruded by granitoid plutons, the metasedimentary rocks are in place characterized by a local contact-metamorphic overprint (Gunn and Warren 1962; Skinner 1982) , with the development of biotite-spotted and amphibole-bearing varieties.
Heavy mineral distribution
Based on the relative abundance of the heavy mineral assemblages in the core, the lower 650 mbsf is subdivided into four intervals, numbered 1-4 from bottom to top (Fig. 8) .
The lowermost interval 1 (1,123-1,043 mbsf; 20.2-20.1 Ma) is characterized by high abundance of heavy minerals derived from the McMurdo Volcanic Group, followed by low-to medium-grade metamorphic rocks and GHIBeacon Supergroup, as well as Ferrar Group. The heavy mineral assemblage indicates erosion of MVG rocks during ice advance. These results are compatible with a primary (explosive activity) basaltic input from proto-Mount Morning volcanic center to the south of the drill site. Nyland et al. (2013) found out that the majority of AND-2A glass analyzed in the interval 354-765 mbsf is considered to originate from explosive eruptions and was incorporated in basin sediments with minimal reworking. The 345-765 mbsf interval, however, is considerably younger than the interval we are discussing here (1,123-1,043 mbsf) and the facies assemblages and sediment transport paths are very different for these two intervals (Passchier et al. 2011) .
Interval 2 (1,043-890 mbsf; 20.1-19.3 Ma) is characterized by large fluctuations in the contribution of sediments eroded from the McMurdo Volcanic Group, which point to a source from the Mount Morning area located to the south. Oscillations of GHI-Beacon Supergroup, Ferrar and L-M grade metamorphic rocks indicate a local source situated in the Transantarctic Mountains. GHI-Beacon Supergroup, Ferrar Group, L-M grade metamorphic rocks and carbonates display a similar trend. The high-grade metamorphic group shows very low counts, but seems to correlate with GHI-Beacon Supergroup, Ferrar Group and Carbonates. Nevertheless, the occurrence of minerals of the high-grade metamorphic group in the lower part of the unit, as suggested by Hauptvogel and Passchier (2012) for the upper 650 mbfs of the AND-2A drill core, could indicate either an erosion of Koettlitz Group, where these minerals are present (Lopatin 1972) , or a provenance within the Nimrod Group farther south. Furthermore, for the same interval, Talarico and Sandroni (2011) reported that the metamorphic clast assemblage suggests a provenance in the Carlyon Glacier and Darwin-Byrd Glacier areas. The clast Fig. 8 Summary plot of heavy mineral distribution down-core. On the right, the glacial setting configuration inferred from facies distribution in the core (Passchier et al. 2011) . The presence of shear fabrics and massive diamictites in core intervals ("ice growth") indicates proximity of the grounding line during glacial maxima, whereas mudstones ("temperate glacial regime") indicate generally open-marine conditions with a grounding line at some distance from the drill site during both glacial maxima and minima (Passchier et al. 2011) . Ages ( 40 Ar geochronology of volcanic material, Acton et al. 2008; Di Vincenzo et al. 2010 ) are also reported 1 3 assemblage is represents rock types with mineral paragenesis like garnet-sillimanite-K-feldspar-biotite, indicating medium/high-grade metamorphic conditions that occur only in the Britannia Range (Fig. 3) . The compositions of diamictites, interpreted as iceberg-rafted debris (Passchier et al. 2011; Talarico and Sandroni 2011) , suggest active calving processes occurred simultaneously along the present-day Blue-Koettlitz glacier coast and from paleoglacier located further south, including the Skelton-Mulock glacier area.
Interval 2 is characterized by a cyclic McMurdo volcanic Group signal, which indicates a repeated contribution from the south, and L-M grade metamorphic, GHI-Beacon Supergroup and Ferrar Group fluctuations, which indicate a heavy mineral assemblage derived from a local source. This pattern can be explained as an advance of the grounding lines of EAIS outlet glaciers to the coast in the southern TAM, where they eroded largely the GHI-Beacon Supergroup rocks, with minor contributions from Ferrar dolerite.
Interval 3 (890-770 mbsf; 19.3-18.7 Ma) marks an increase in the McMurdo Volcanic Group signal and a decrease in the Ferrar Group, GHI-Beacon Supergroup, L-M grade metamorphic rock group as well as the carbonate contribution. For this interval, the heavy mineral assemblages indicate erosion of the basalts of the McMurdo Volcanic Group south of the drill site, with limited erosion of low-and high-grade metamorphic rocks of basement. The presence of few grains of aenigmatite (Fig. 6 ) can be considered a fingerprint for heavy minerals of volcanic origin. Clast provenance studies by Talarico and Sandroni (2011) testified a mixed provenance from Royal Society Range area and Skelton-Mulock glacier area (Figs. 1, 3) , thus helping us to pinpoint a heavy mineral assemblage provenance from an area located south of the drill site.
Although heavy mineral assemblages dominated by McMurdo Volcanic Group contribution in the lower part of interval 3 (770-890 mbsf) indicate a sediment provenance located south of the drill site, the mudstone-dominated facies at 770-890 mbsf (Fig. 8) probably indicates an ice sheet in a reduced configuration, with predominantly meltwater plume deposition and minor ice rafting (Passchier et al. 2011) . Therefore, an alternative to a glacial transport scenario for this interval must be considered. The probable mechanisms able to transport MVG heavy minerals to the AND-2A drill site in the interval between 770 and 890 mbsf could be the direct fall-out of volcanic material. Support for this hypothesis is found in the paper of Nyland et al. (2013) . These authors recognized high abundances (5-70 vol%) of fresh volcanic glass in finer-grained sediments such as siltstone and sandstone between ~230 and 780 mbsf. These observations, however, were made in a considerably younger interval of core with different facies assemblages (Passchier et al. 2011 ) and hence may or may not be applicable to the Early Miocene section of AND-2A.
The uppermost interval 4 (770-650 mbsf; 18.7-17.6 Ma) is characterized by an increase in the Ferrar Group contribution from 750 to 650 mbsf. GHI-Beacon Supergroup, L-M grade metamorphic rocks and carbonates also show an up-core increase. On the contrary, the contribution from the McMurdo Volcanic Group decreases. The presence of McMurdo Volcanic Group mineral assemblages requires ice flow across the Mount Morning volcanic center to the south. Interval 770-750 mbsf displays an up-core increase of the Ferrar Group contribution indicating erosion of dolerites located west of the drill site. As hypothesized by Hauptvogel and Passchier (2012) for their third interval (552-308 mbsf), this would fit a scenario where the grounding lines of outlet glaciers had receded into the valleys of Victoria Land, away from the coast. There, they would have eroded the Ferrar dolerites in the upper section of the Transantarctic Mountains during glacial times with possibly further retreat. Valleys that are eroded into basement rocks near the coast do not reach basement further inland (Denton et al, 1993 ). In addition, other studies conducted in the McMurdo Sound area by Marsh (2004) , Bédard et al. (2007) and Zavala et al. (2011) highlight that there exist four Ferrar sills in the McMurdo Dry Valleys Region of the Transantarctic Mountains. From top to bottom, these are the Mt. Fleming, Asgard, Peneplain and Basement Sills. The upper three sills consist of homogeneous fine-to medium-grained dolerite, whereas the lowermost Basement Sill (Gunn 1962) , which extends from McKay Glacier to the head of Ferrar glacier (Fig. 9) , has a central cumulate layer or 'tongue' consisting of large orthopyroxene and smaller plagioclase crystals, enclosed by fine-to medium-grained dolerite like that of the other sills. In the Ferrar Glacier area, the Basement Sill is located inland (Fig. 9b) , and it is the most likely source for the high amounts of orthopyroxenes. A dynamic behavior is noted in Interval 4 (18.7-17.6 Ma) with a decreasing contribution of materials derived from the basalts of the Mount Morning volcanic center located to the south of the drill site and a consequent increasing contribution of materials derived from Transantarctic Mountains to the west of the drill site.
The clast provenance analysis by Talarico and Sandroni (2011) provided direct evidence of ice sheet expansion in the Ross Embayment during the Early Miocene. The record clearly indicates that the Early Miocene glacial evolution in the McMurdo Sound was closely linked to fluctuations of EAIS outlet glaciers. The unanswered question is whether these fluctuations were accompanied by similar changes in the West Antarctic Ice Sheet. A glacial scenario proposed by Hambrey and Barrett (1993) for the Early Miocene indicates an expansion of EAIS, through amalgamation of all major outlet glaciers, leaving areas located further to the east (i.e., Marie Byrd Land) free of ice.
More recently, Liebrand et al. (2011) presented highresolution stable isotope records of benthic foraminifera from ODP Site 1264 in the southeastern Atlantic Ocean, in order to resolve the latest Oligocene to Early Miocene climate changes. Their modeling results suggested that during the largest Mi-1 event, Antarctic ice sheet volume expanded to its present-day configuration. They pointed out that major large-scale Antarctic ice sheet expansions coincide with 400 kyr eccentricity minima when the power of the ~100 kyr eccentricity cycle is significantly suppressed (e.g., at ~19.8 Ma). Furthermore, they pointed out that distinct ~100 kyr variability occurs during the termination phases of the major Antarctic glaciations, suggesting that climate and ice sheet response was more susceptible to short-term eccentricity forcing at these times. We are tempted to speculate that the ice sheet buildup phase that they recognized between 20.2-19.8 Ma (Fig. 7 , p. 876 of Liebrand et al. 2011) roughly coincides with interval 4 of the present study. Interval 3 is characterized by a very dynamic behavior, and this could be related to an interval of ~100 kyr cycle (Liebrand et al. 2011 ).
Conclusions
The heavy mineral analysis of the lower AND-2A drill core helped to better constrain the timing and the spatial extent of ice growth and decay in the Ross Sea area during the late Early Miocene (17.6-20.2 Ma). On the basis of heavy mineral analysis, the following conclusions can be drawn:
1. The different heavy minerals recognized in the lower 650 mbsf of AND-2A core can be related to six different source rocks. 2. The heavy mineral down-core distribution allowed the identification of four intervals with characteristic assemblages that reflect different source areas. 3. Discriminant function analysis revealed that individual samples can be classified into three predefined groups. The results largely confirmed interpretations based on the facies distribution (Passchier et al. 2011 ) and basement clast provenance , and they have added new insight on heavy mineral provenance areas.
Consistent with previous studies (Diekmann and Kuhn 1999; Ehrmann and Polozek 1999; Giorgetti et al. 2009; Hauptvogel and Passchier 2012) , the heavy mineral analysis confirms its value to be a powerful tool for the reconstruction of paleo-glacial-flow dynamic and paleogeographic scenarios. The application of such analysis to the Early-Middle Miocene sedimentary interval recovered for the first time by the AND-2A core provides further constraints on the paleogeographic evolution of the southern McMurdo Sound area during Miocene time, showing that the variations of paleoenvironmental drivers characterizing this period were able to exert deep transformation of the Antarctic ice sheet.
We are aware of the fact that our record documents ice buildup and retreat just in one sector of Antarctica and further studies of Early Miocene records from other parts of the Antarctic continental margin will be needed to confirm our conclusions.
